In recent years the comfort and the preservation of the health of the operators became central issues in the evolution of agricultural machinery and led to the introduction of devices aimed at improving working conditions. Thereby, for instance, the presence of air conditioner, soundproof cab and driver seat suspension became normal on agricultural tractors. The vibrations are one of the most complex issues to deal with, being determined by the characteristics and interaction of elements such as tyres, axles, mainframe, cab and seat suspension. In this respect, manufacturers are trying to improve their products, even integrating these elements with new devices such as the suspension on the front axle of the tractor, aimed at reducing the level of vibrations during the transfers at high speed. One of these underwent tests at CRA-ING. Since its purpose is to reduce the level of vibration transmitted to the driver, their measurements in different points of the tractor and in different operating conditions, were compared in order to evaluate the effectiveness of the device, expressed as time of exposure. The suspension system of the front axle is designed to absorb the oscillations (especially pitching) determined by irregularities in the road surface, allowing an increased control of the vehicle at high speed, as demonstrated by the test results and confirmed by the driving impressions outlined by the operator. The action of the device under these conditions results in an increase of the exposure time, important fact because of the relevance of the road transfer operations of tractors with mounted implements or trailers to tow and of the tendency to increase the speed limit for the road tractors (in Germany were brought to 50 km h -1 for several years). The action just described is less evident with increasing irregularity of the road surface and with the decrease of the travel speed. Nevertheless, in such conditions, the device appears to positively work along the other directions, in particular in the Z-axis, improving the action of the suspension of the driver seat.
Introduction
Since several years, the technological evolution of agricultural machinery focused the attention, beside the operative performances, on the aspects of comfort and health safe of the operator, introducing devices and measures aimed at improving the working conditions. Thereby, for example, the presence of the air conditioning and soundproofing systems in the cab of the tractor became normal, as well as driver's seats fitted with shock absorbers effective against the vibrations induced by the execution of the agricultural works (Ragni et al., 1999) . Vibrations are one of the most important and complex problem to deal with, being determined by the characteristics and the interaction of different elements such as tires, axles, main frame, cab and driver seat (Fornaciari et al., 2008) .
In relatively recent times, modern tractors, in addition to the suspension seat, are sometimes equipped with other devices aimed at improving the comfort of the driver, such as the front axle suspension and systems capable of changing the setting of the cockpit. This paper reports the results of tests carried out on a tractor equipped with suspension of the front axle during transfer operations on different surfaces in order to observe its effect on the level of vibration at the driver seat.
Materials and methods
Tractor -The tests were conducted on a tractor of medium-high power (147 kW) suitable for the multiple farm needs and with a high level of comfort and ergonomics for the operator (Nuccitelli and Ragni, 1993) . Considering the subject of the tests, beyond the driver seat with pneumatic suspension (in which a rubber cylinder containing pressurized air works as a spring), the front axle of the tractor was provided with an original suspension (Figure 1) .
The front axle is hinged to the body of the tractor by means of arms, which allow the longitudinal or transverse oscillation and damping by means of the combined action of two hydraulic cylinders and of two nitrogen accumulators mounted in series. The oil leaking from the cylinders during the compression phases is received by the nitrogen accumulators which absorb the shocks.
The use of the suspended axle is recommended during road transfer, where it help to reduce the danger represented by bumps at high travel speed. Under field conditions, its effectiveness is less evident and, at any rate, it is automatically disconnected whit the differential is locked.
Instruments -The instrumental chain use in the tests consisted of: -two 6-channels signal conditioners Brüel & Kjaer mod. 'Nexus'; -8-channel digital recorder DAT-Herm; -signal acquisition and processing system Brüel & Kjaer, mod. Pulse; -calibrator for accelerometers Brüel & Kjaer, type 4294; -tri-axial accelerometer adapted for driver seat Brüel & Kjaer, type 4322; -two tri-axial accelerometers Brüel & Kjaer, type 4321, positioned on the cab floor and on the tractor mainframe Methods -As previously said, the tests aimed at verifying the presence of effects of the introduction of the front axle suspension on the level of vibration. From this point of view, the basic parameter to measure, is the acceleration, a, expressed in ms -2 . As the effects of the vibrations depend on the frequency of the accelerations, these must be weighted by means of suitable filters, according to the standard ISO 2631-1:1997, and the Italian law (D.Lgs 81/2008) for the measurement of the levels of whole body vibrations transmitted to the operator by the driver seat (Scarlett et al., 2007) . The accelerometers were positioned with the purpose of measuring the vibration levels in correspondence of the main elements of the system that transmit the vibrations themselves. Therefore, an accelerometer was placed on the driver's seat, as the remaining two were placed, respectively, on the cab floor and on the main frame of the tractor, on the same vertical line of the first. The accelerometers were oriented accordingly to the requirements of the standard ISO 2631-1:1997, as described in the Figure 2 .
The weighting filters are calculated as a function of the human body sensitiveness to the acceleration in the different sampling frequencies and provide an acceleration value called frequency weighted acceleration, aw,
(1) where: aw(t) is the measured value of the acceleration; T is the acquisition time interval in seconds.
The three components of the acceleration along the X, Y and Z axes are simultaneously measured and the resultant vector of the acceleration av is provided by the relation:
(2) where: awx, awy, awz: weighted RMS accelerations along the x, y and z axes; kx, ky, kz: indices the values of which were determined depending on the effects of the relative components of the acceleration on the health: for kx e ky a value of 1.4 is applied in the case of sitting positions, as they are equal to 1 for the upright position; kz is equal to 1 in both positions.
The exposure to the vibrations can be quantified by normalizing the value of the acceleration av, measured during the daily exposure time (Te), referring to a 8 hours time interval, according to the principle of "equal energy", providing the normalized acceleration, A(8) according to the formula: (3) According to the standard ISO 2631-1, the calculation of A(8) aimed at the health risk assessment is made only considering the dominant axial aw component. Considering the particular characteristic of agricultural work, in which all the axial accelerations are often relevant, this study, also provided the calculation of A(8) as function of the resultant acceleration, av and of the vertical weighted acceleration, awz, in order to observe how they affect the time of exposure. The determination of A(8) and the calculation of the maximum daily exposure times were made using the Excel data-sheet "Calculation of the exposure to vibrations" in the ENAMA website.
Tests -The tests consisted of transfer trials withour traction load ( road at 7.7 ms-1 (27.7 km h-1) and on grassed headland at 4.5 ms-1 (16.3 km h-1). The gear box rations were chosen in order to achieve, on each surface, the highest travel speed. As a consequence, considering the available test distance on each surface, the sampling intervals meanly resulted of 13.8 s on asphalt, 19.5 s on macadam and 33.3 s on the headland. Three replications were made in each condition, comparing the measurements with the front axle suspension disconnected (thesis A) and connected (thesis B).
Results and discussion
The Table 1 and the Figure 4 show the results of the transfer tests on the three surfaces. In all test conditions, the values of av increase passing from the frame of the tractor, to the cab floor, to the driver seat.
The amplification of the vibrations in the transition from one survey point another is related to the nature of the materials, to the constructive characteristics of the various elements, to the connections between them (geometries and characteristics of stiffness, etc..) and to the increasing distance from the points where the vibrations are generated and from which are transmitted (i.g. the contact area between tire and ground). This pattern was observed in all the theses and seemed more evident in the tests at higher speed (asphalt track and macadam).
From the observation of the axial components of the acceleration, aw, (Table 1) , it can be noticed that even in presence of a dominant component, the other two axial components often assumed relevant values.
In general, the peaks of the accelerations always occurred at low frequencies (between 1 and 3.15 Hz). Significant examples of such patterns are shown in the diagrams of Figure 5 , reporting the results of the frequency analyses of the weighted accelerations with reference to the axes X and Z.
With reference to the three test surfaces, the following considerations can be made.
Asphalt track
The effect of the front suspension is more pronounced on the X-axis (pitch) where a clear reduction occurs of the weighted average accelerations, awx in the thesis B with respect to the thesis A (Table 1) , on all three survey points (reduction from 39.83% to 48.57%). In absolute terms the reduction was higher at the driver's seat level (0,423 ms -2 ). This is confirmed by the analysis in frequency on X axis ( Figure 5 ) which clearly shows that the linear reduction of the acceleration, ax, is more evident in the range of frequencies between 1.6 and 4 Hz on all three observed points. Thereby, the suspension seems to also reduce the level of vibration at the tractor mainframe. The effect of amplification of the vibrations, passing from the frame to the seat, is evident as well.
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On the Y-axis (roll), the front suspension causes a worsening in the level of vibrations at the mainframe and improvements in cabin and seat.
About the Z-axis, despite awz at the frame is higher for the thesis B (probably for effect of different surface irregularity in the two theses), a decrease of the vibration is detected specially at the driver seat, the shock absorber of which, combined with the front suspension, seems to increase its efficiency. Such a behaviour is visible in the diagram of the analysis in frequency ( Figure 5 ) for frequencies between 3.2 and 20 Hz, where az, for the thesis B is always less than for the thesis A.
Macadam road
Despite the lower forward speed, the stresses caused by this surface were more severe than by the asphalt, as evidenced by the values of weighted accelerations averages awx and awy on the frame, and from those of av (Table 1) .
Despite of the controversial behaviour of the axial weighted acceleration aw (Table 1) , the thesis A presents higher values of av at the frame and on the cab floor and lower at the driver seat, than the thesis B (Figure 4) . The Z-axis resulted as the most stressed. The effect of the front suspension on the pitch (X-axis) can be observed in Figure 5 . The linear acceleration, ax, at the mainframe are similar for the two theses; passing at the driver-seat ax increases and is higher for the thesis B in the interval 1,25 -2 Hz. The surface in macadam seems to produce shocks characterized by frequency values that tend to be lower than in asphalt and the evaluation of the effectiveness of the front suspension in such condition requires further tests.
The analysis in frequency on the Z-axis ( Figure 5) shows that the linear acceleration is lower for the thesis B in the interval 1.6-16 Hz, with a relevant reduction on the peak point at 2.5 Hz.
Grassed headland
The resultant acceleration, av, is higher for the thesis B. As to the weighted accelerations, the dominant aw occur on the Z-axis for the Thesis A and on the Y-axis for the thesis B. This variable pattern indicates that, differently from the asphalt, in the headland there is not a prevailing pitch effect. The relatively low speed and the characteristics of the surface (limited and variable transversal slope, unevenness and compactness softened by the grass) probably had a damping effect that interfered with action of the suspension.
As to the action of the front suspension against the pitch, the analysis in frequency ( Figure 5) shows that the linear acceleration ax increases passing from the mainframe to the seat and that in the thesis B it has lower levels than in A. The higher values occurred in the interval of frequency between 1.6 and 3.15 Hz. The analysis in frequency on the Z-axis shows that the front suspension (thesis B) determines a reduction of the acceleration az in the interval 3.15 -4 Hz, as it is increases in all remaining frequencies, with two relevant peaks a 2.5 and 8 Hz (Hz).
[ Finally, the Table 1 reports the exposure times calculated by means of the relation (3) as a function of the dominant axial acceleration TeawDom, (according to the ISO 2631-1), of the resultant av ,Teav and of the vertical component awz, Teawz. The exposure times with the front suspension connected always resulted higher than suspension disconnected. Moreover, Teav evidently resulted with lower values in all the tests, which demonstrates the relevant influence of all axial components, as expected. In this regard, for instance, observing the aw values in Table 1 , on asphalt/Thesis B, the weighted axial acceleration values are 0.64 ms -2 , 0.40 ms -2 and 0.59 ms -2 respectively for X, Y and Z, as av calculated with the relation (2) is 1,74 ms -2 . The calculation according the reference standard should be made using the dominant awx = 0.64 ms -2 , ignoring awy and awz, despite the values of the latter can be considered of the same order of magnitude of awx and heavily affect the determination of the resultant acceleration vector av. Unlike other work environments, the solicitations typical of agricultural work evidently involve all the spatial components and, as a consequence, the application of the common concept of "dominant axial component" may be improper and may contribute to an underestimation of the risks from exposure to the vibrations.
Conclusions
The front axle suspension represents a contribution to the improvement of the working conditions of the drivers of agricultural tractors from the point of view of the comfort and health protection.
The device resulted effective in the absorption of shocks and vibrations (mostly the pitch), due to the unevenness of the road surface. The best performances were observed in the tests at higher speeds and were confirmed by the impressions of the operators about an increased level control of driving. The increases of the time of exposure testifies the improvement of the quality of the working conditions. Such results are relevant with reference to the increasing importance of the road transfer operations, also considering the tendency to raise the speed limits for the tractors.
The effectiveness of the device is less evident at lower speeds and on more irregular surfaces, where, at any rate, its positive effects continue on the Z-axis, enhancing the action of the seat suspension.
